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ABSTRACT
A granular material is defined as a collection of discrete particles such as powder and
grain. Granular materials display a large number of complex behaviors. In this project, the
behavior of macroscopic granular materials under tornado-like vortex airflow, with varying
airflow velocity, was observed and studied. The experimental system was composed of a
9.20-cm inner diameter acrylic pipe with a metal mesh bottom holding the particles, a PVC
duct, and an airflow source controlled by a variable auto-transformer, and a power-meter. A
fixed fan blade was attached to the duct’s inner wall to create a tornado-like vortex airflow
from straight flow. As the airflow velocity was increased gradually, the behavior of a set of
same-diameter granular materials was observed. The observed behaviors were classified into
six phases based on the macroscopic mechanical dynamics. Through this project, we gained
insights on the significant parameters for a computer simulation of a similar system by Heath
Rice [5]. Comparing computationally and experimentally observed phase diagrams, we can
see similar structure. The experimental observations showed the effect of initial arrangement
of particles on the phase transitions.
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1

INTRODUCTION

A granular material is defined as a collection of discrete particles such as powder and
grain [1]. Granular materials form interesting media that shows a large number of complex
behaviors [2]. Without any external perturbation, a set of granular material is at rest like
a solid. The set can be gently shaken without triggering a flow, and without affecting the
positions of the particles or granules. A sufficient excitation, however, causes a granular
material to behave like a liquid. As another characteristic of granular materials, the wide
range of the size can be mentioned. From the scale of grains to the scale of Saturn’s rings, the
studies of granular materials cover a variety of sizes. An understanding of granular material
behavior is important to pharmaceutical and chemical industries, and also in agricultural
applications because it can lead to an improved efficiency in material processing [3]. Since
natural geological structures provide opportunities to observe the effects of flow and packing
of grains, a large amount of research related to granular materials has been done in soil
engineering; research plays an important role in letting us have better understanding of the
structure and permeability of a soil and its natural as well as man-made evolution.
This project studies the behavior of macroscopic granular materials under tornado-like
vortex airflow, with varying airflow velocity. The experimental approach allows us to determine the significant and realistic parameters for the simulation. As mentioned above,
any improvements of granular materials simulations could be significant for industries. Rice
created a simulation of granular material under a vortex airflow [5]. A particular motivation
of this project is to improve the simulations of granular material behaviors for materials in
macro scale [1].
The goals of this project are to design and construct the experimental apparatus, observe
the granular material behavior, and describe the results of observation as a phase diagram
1

in order to clarify the mechanical dynamics and to compare with the simulation. The
experimental system is composed of a 9.20-cm inner diameter acrylic pipe with a metal
mesh bottom holding the particles, a PVC duct, and an airflow source controlled by a
variable auto-transformer, and a power-meter (see Fig. 6). A fixed fan blade is attached
to the inner wall of the duct to create a tornado-like vortex airflow from straight flow. As
the airflow velocity is gradually increased, the behavior of a set of same-diameter granular
materials was observed. This process was repeated for eight different particle diameters.
The observed behaviors were classified into six phases based on the macroscopic mechanical
dynamics with the airflow velocity and the particle size as the adjustable parameters. In
the following chapters, the experimental methodology, the classification of granular material
behaviors, and the analysis of this project will be presented.
In Chapter Two, granular material behavior under a tornado-like vortex airflow will be
classified into six phases: solid, flat, fluid, spout, large spout, and pinned. These phases are
labeled due to both experimental observations and observations in computational simulations
carried out by Rice [5]. The simulation exhibits the positions of a set of macroscopic granular
materials under tornado-like vortex airflow in a certain time interval. The first part of this
chapter briefly reviews the calculations and the variables used in the simulation. Then, the
classification of each phase is listed and clarified.
Chapter Three will describe the details of the experimental apparatus and presents the
methodology and the results of background velocity measurements. During observations of
granular materials, the airflow source was controlled by a variable power supply. In order
to determine the background velocity inside the setup used during observations, an optical
method of flow visualization, Particle Image Velocimetry (PIV) was used. The experimental
setup of a PIV system consisted of several subsystems (see Figure 10). Fine tracer particles
were added to the airflow. These particles were illuminated, and their locations in a plane
of the flow were recorded twice within a very short time interval. The time interval and the
displacement of the fine particle images between the two light pulses allow us to determine

2

the airflow velocity.
Chapter Four will analyze the experimental phase diagrams of granular materials compared to the simulation. Also, in this chapter, the solid phase boundary and the fluid phase
boundary of phase diagrams will be the focus. Chapter Five presents the conclusions of this
project.

3

2
2.1

THEORY REVIEW

Driving Forces

Figure 1: Flow field inside the simulation container
Rice’s simulation modeled the behaviors of a granular material as the radius of the
particles and the driving force is varied [5]. In the simulation, a cylindrical container was
created, and 256 particles were added to the container. A vertical flow was added to lift the
particles upward, and a tangential vortex was added to rotate them around the container
like a small tornado (see Figure 1). The following theory is taken from Rice’s thesis work
[5].
2.1.1

Interaction Force

The flow field inside the container at a position ~x = (xr , xθ , xz ) ,
~vf = ~vf,⊥ + ~vf,z .

(1)

where ~vf,⊥ is the tangential component, and ~vf,z is the vertical one. The interaction force
between particles and the container wall used in the simulation,
f~ij =



√
p dξij
2Y ref f,ij
µmi ∆~vs,ij
3/2
ξij + A ξij
n̂ +
,
2
3(1 − ν )
dt
∆t
4

(2)

where the first term is the normal interaction force [8] [9], and the second term is the
tangential interaction force [5]. ref f,ij is the effective radius of the colliding spheres,
1
ref f,ij

=

1
1
+ ,
ri rj

(3)

with ri,j as the radius of particles i and j. Y is the Young’s modulus, ν is the Poisson ratio,
µ is the coefficient of friction, and mi is the mass of particle i : those quantities describe the
properties of the particles’ material. ξij expresses the mutual compression of particles i and
j such that
ξij = ri + rj − |~xi − ~xj |,

(4)

with ~xi,j as the positions of the particles centers. A is a constant, which is a function of the
material viscosity:


1 (3η2 − η1 )2 (1 − ν 2 )(1 − 2ν)
A=
,
3 (3η2 + 2η1 )
Y ν2

(5)

with η as the viscous constants of the material. ∆~vs,ij is the relative velocity between the two
surfaces of the particle. Considering Figure 2, a diagram of two types of particle collision,
one can express the relative velocity as

∆~vs,ij = ~vs,i − ~vs,j .

(a) Particle-Particle

(6)

(b) Particle-Wall

Figure 2: Two types of collision.
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2.1.2

Drag Force

In Rice’s thesis, the drag force is assumed to be composed of linear and quadratic components
of the air flow velocity [5, 6, 7] :

f~f ⊥,i = aµπri2 ρf (~vf ⊥,i − ~v⊥,i ) + (1 − a)µπri2 ρf (~vf ⊥,i − ~v⊥,i )|~vf ⊥,i − ~v⊥,i |,

(7)

where a is a constant ranging from zero to one, ρf is the density of the fluid, µ is the coefficient
~
of friction of the material, and ~vf ⊥,i is the tangential flow velocity, which ~vf ⊥,i = ~xr,i × Ω
~ and the radial component of ~xi , ~xr,i .
with a constant angular velocity, Ω,
For the vertical component of the flow field, Rice devised a counting force,
(drag)

fz,i = fz,i

αn e−βxz,i ,

(8)

and a rectangular prism shown in Figure 3. The counting force is due to the air flow through
the particles. In the simulation, the number of particles inside the particle’s prism, n , was

Figure 3: A prism for a particle

counted, and fz,i was reduced by αn , where α is a certain factor to adjust how much of the
vertical force on each particle was reduced by particles below it inside the prism. In Rice’s
6

(a) Fluid

(b) Spout

(c) Pinned

Figure 4: Sample simulation behaviors from Ref.[5].
simulations, α was chosen to be 1, 12 , 14 , or 81 .
Eq. 8 is based on an ad hoc approximation because a full treatment would require complex
fluid dynamics simulations.

2.2

Phases

There are several phases observed in simulations and experiments: flat, fluid, spout, large
spout, and pinned. Figure 4 shows sample simulations of a granular material in some different phases. Additionally to those phases, when particles are stationary, an experimentally
observed phase, solid, is used to depict the granular material behavior. After the simulations
were visualized using VDM (Visual Molecular Dynamics), an analysis script was run to classify the observed behaviors into several dynamic phases of the system. The analysis script
was like a series of sieves. It passed a file including particles’ positions through a number of
classification functions sequentially, and then it assigned the final phase of the system.

2.2.1

Solid and Flat Phases

Every simulation starts with a random arrangement of particles and must settle into some
sort of steady state before it can be analyzed [5]. In the simulation, when the system reaches
the mostly-constant energy considering translational, rotational, and potential energies, the
granular material behavior is labeled the one in flat phase. In the flat phase, the simulated

7

bulks of particles showed oscillations in the vertical direction without any rotational movement. However, the simulated behaviors of particles with the mostly-constant energy are
not equal to the one with the lowest gravitational potential energy.
A solid phase was an experimentally observed phase with the lowest gravitational potential energy. When the particles were packed and settled in the container, and they were at
rest, this solid phase was observed. Simulation and experiment had different initial configulations (see Figure 5a): the initial arrangement in the experiments was the lowest gravitational
potential configuration of the system as it is shown in Figure 5b.

(a) Simulation.[5]

(b) Experiment.

Figure 5: Initial arrangements.

2.2.2

Fluid Phase

When a set of particles under an airflow rotates, and the surface forms a parabolic shapes, the
behavior is labeled the fluid phase. A spinning fluid forms a parabolic shaped surface, which
can be derived from force balance or energy minimization methods. Like the behavior of a
8

fluid, several sets of granular materials dampened out and formed the parabola-like surface
during the computational and experimental observations. Figure 4a shows a simulation of a
granular material in the fluid phase.

2.2.3

Spout Phases

When the particle size and airflow velocities results in the parabola being extremely thin in
the center, some particles were accelerated upward from the middle of the region, well above
the average height [5]. This is labeled the spout phase. The particle behavior in the spout
phases looks like the liquid behavior in a fountain. Under the tornado-like vortex airflow,
as the system rotates fast enough, the parabolic shaped surface of the particle dips down
to the bottom of the container, and only a thin layer of particles exists in the center of the
container. These particles in the thin layer are propelled from the center of the tank upward
by the resulting imbalance between the upward and the downward forces.
An analysis script in the simulation classifies the particles’ behavior into the phases, spout
and large spout, based on the number of particles belonging to the fountain-like behavior.
If more than five and less than one eighth of the particles are in the thin layer propelled
from the center of the tank upward by the resulting imbalance between the upward and the
downward forces, the particles behavior is labeled spout. If between one eighth and less than
one quarter of the particles are in the thin layer, the particles behavior is labeled large spout.

2.2.4

Pinned Phase

For many cases with high forces, the particles are pushed outward into the container walls,
and they form a void at the center of the container. This is labeled the pinned phase. Figure
4c shows a simulation of a granular material in the pinned phase. The granular material’s
form observed in the pinned phase is a parabola without enough particles to cover the bottom
of the container.

9

3

EXPERIMENTAL SETUP AND
METHODOLOGY

3.1

Granular Material Observation

Figure 6: The experimental setup for granular materials observations.

The experimental setup shown in Figure 6 allowed us to observe granular material behaviors under tornado-like vortex airflow. A turbulent airflow was created from a Black and
Decker BV1500 Type 1 Blower Vacuum. The airflow source was connected to an 81.0-cm
long, 10.2-cm inner diameter straight PVC pipe, which was laid horizontally to the ground
with some supports. The straight pipe was attached to a 10.2-cm inner diameter, 90-degrees
bent PCV pipe. The other end of the 90-degrees bent PVC pipe was connected to a 70.0-cm
long straight PVC pipe with the same diameter as that of the other pipes.

10

(a)

(b)

Figure 7: The experimental region: (a) the design and measurements (b) the picture of the
7.62 cm diameter fixed fan blade and plastic ring attached on the inner wall of the PVC
pipe.
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A 7.62-cm diameter fixed fan blade with a plastic ring was attached on the inner wall
of the PVC pipe (see Figure 7b). After the air flowed through the fan blade, it became a
tornado-like vortex flow. A 9.21-cm inner-diameter clear acrylic pipe was located on the top
of the plastic supporting ring. In order to hold granular materials and to let the airflow go
through the bottom of the experimental region, a steel mesh with 3.175-mm square openings
was attached on the inner wall of the acrylic pipe. The design and measurements of the
experimental setup are shown in Figure 7a. To record the granular material behavior inside
the clear acrylic container with the metal mesh bottom, two video cameras were used. One
of the video cameras recorded the behaviors from the side of the container, and another
recorded from the top.
For each observation, a set of polypropylene sphere particles was packed by grain to be
crystalized structure in the container. The seven different radii are in the range from 3.175
mm to 11.1 mm. The measured density is 946 kg/m3 , and the coefficient of restitution is 0.66
[10]. In order to determine the bulk porosity for each set of particles, the total volume of the
particles in the bulk was determined by measuring masses and the height from the bottom of
the container to the top surface of the bulk. Since the particles were spheres, each particle’s
volume was determined using the radius. Measuring the total mass of the particles, M , and
the mass of each particle, m, the number of particles in the bulk was expressed as M /m. So,
one can determine the total volume of the particles. The measurement of the height from the
bottom of the container to the top surface of the bulk allowed us to determine the volume of
the bulk including the void region. Therefore the porosity of the bulk can be determined to
be the ratio of the difference between the volumes of the bulk and the particles to the bulk’s
volume.
The power supplied into the airflow source was controlled by a 3PN1010B variable autotransformer, and the power was measured with a power-meter. Using the results from the
~ , was
background velocity measurement (see Chapter 3.2), the nominal angular velocity, Ω
determined from the corresponding power level.
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Based on simulated dynamic behaviors of the granular material for each phase, the phases
were judged carefully. For example, in the simulations of the pinned phase, one can observe

(a) Top view

(b) Side view

Figure 8: An experimentally observed pinned phase.
all particles rotating along the containers wall from the side of the container and a hole at
the center of the container from the top of the container. If one experimentally observes
similar behavior to the simulated one, the phase is judged to be the pinned phase(see Figure
8). Varying the airflow velocity in the experimental region by the variable auto-transformer
and recording the granular material behavior with video cameras from two directions, the
granular material dynamics was observed and mapped in a phase diagram.

3.2

Background Velocity Measurement

Before observing granular material behavior, it was necessary to determine the relation
between the airflow velocity in the experimental region and the power supplied into the
airflow source.

3.2.1

Particle Image Velocimetry

In order to determine the background velocity in the experimental region, an optical method
of flow visualization, stereo Particle Image Velocimetry (PIV), was used. Figure 9 shows
the schematics of the basic stereo PIV and the basic description of how the PIV system
determines the fine particle velocity. In PIV, fine tracer particles are seeded to a flow. For
our measurements, oil droplets were used as the fine tracer particles. The fine tracer particles
13

Figure 9: The schematics of stereo PIV system and a basic description of PIV.
are illuminated, and the locations in a plane of the light, a light sheet, are recorded twice
within a very short time interval. The time interval and the displacement of the fine particles
allow us to determine the flow velocity vector fields.

3.2.2

Stereo PIV-System Setup

Our experimental setup of a stereo PIV system consisted of several subsystems (see Figure
10): a Nd:YAG laser (soloII-30Hz model), two CCD cameras (pco.2000) mounted on columns,
a Delay-Pulse generator to synchronize the cameras’ exposure timing with the pulse of the
laser burst, optics to spread the laser sheet to cover the experimental region. The Safex
Fog Generator 2010 seeded the fine particles into the duct. With the use of the DelayPulse generator and the laser, light-burst pulses every 49.6-100.0 µs were created. The fine
particles under the tornado-like airflow were illuminated in the experimental region with a
thin light plane created by the laser.
Two CCD cameras were synchronized to the laser pulses with the Delay-Pulse generator.

14

Figure 10: The stereo PIV system with the experimental setup used for the background
velocity measurement.

Instead of only a single CCD camera, two CCD cameras rotated by two different angles allow
us to determine the third components of velocity vector fields. The CCD cameras captured
the fine particles’ images in two separate frames, which were timed by the laser pulses. After
sets of the two image frames were recorded, the images were cross-correlated with each other
using image application software, DaVis8.1.0. This cross-correlation process determined accurate displacements of each identical fine particle, and it also calculated three-dimensional
velocity vector fields (see Figure 111 ). The velocity vector field measurements using stereo
PIV were performed for twelve different power levels supplied into the airflow source at a
plane, parallel to the vertical stream-wise direction at the center of the acrylic container, the
experimental region.

Figure 13 shows the results of the background tangential velocity measurement in the
1
Figure 11c shows the radial velocity vector field. The larger velocity vectors at the bottom edges are
from the airflow arround the ring to mount the acrylic pipe.

15

(a) Vector magnitude

(b) The axial velocity, vx

(c) The radial velocity,
vy

(d) The tangential velocity, vz

Figure 11: Pictures of three components of the air flow velocity fields when 92.0 W were
supplied to the air flow source.
vertical plane for several power levels. The horizontal axis of the plots indicates the position
where the velocity vector was determined. As the radius increases, the position is closer to
the wall of the container. Because the plot covers the whole experimental region from the
bottom of the container to 13.2 cm above it in the vertical direction, one can see several data
points for each radius. In all plots, one can see linear trends at the inner half of the container

16

radius, which implies that the airflow inside the container was a rotational (solid-body)
vortex. However, at the outer half of the container radius, one can see constant tangential
velocities in the plots: this could be due to shear flow. In most of the granular material
observations, most particles were located in the outer half of the container radius. So,
considering the distributions of the particles, the averaged values of the tangential velocities
at the outer half of the container radius were used to plot the behavior (see Figure 14).
Figure 12 shows the tangential velocity fields for a power level, 51.7 W, on the vertical plane
and two different tangential planes. For the tangential planes, the stereo PIV system allowed
us to have two vector components on the planes. The sum of those two vector components
gave the magnitudes of the tangential velocities, and those magnitudes were used for Figure
14.

17

(a) Vertical Plane

(b) Two vector components on the Tangential
Plane 1

(c) Two vector components on the Tangential
Plane 2

Figure 12: Sample tangential velocity fields in three different planes.
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(a) 40.1 W

(b) 51.7 W

(c) 90.9 W

(d) 124.9 W

(e) 167.2 W

(f) 183.1 W

Figure 13: The horizontal velocity vector length versus radius for power levels from 40.1 to
11.4 W.
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Figure 14: The background velocity in the experimental region for granular materials observations.
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4

EXPERIMENTAL RESULT AND ANALYSIS

In order to describe granular particle behavior and determine how the angular velocitiy
and particle size affect the behavior, phase diagrams were created using the results of the
observation and compared to simulated phase diagram.
Figure 15 shows the phase diagrams made with observations using the initial arrangement
of particles at the lowest gravitational potential. Each phase diagram shows the angular
~ , versus the size ratio of the particle radius to the container radius, r/R. Each
velocity, Ω
phase boundary of experimental phase diagrams is composed of the angular velocites when
particle behavior transits from one to another.
Figure 15a shows the results of observations using the sets of particles with the same
initial total volume of 3.15 ×10−4 m3 . The particle behavior in phase diagram of Figure 15b
was observed using the sets of particles with a same total mass, 170 g. At the larger r/R
on the phase diagrams, the shape of the phase boundaries shows similar trends. However,
as r/R decreases, the granular materials behaved differently. Also, the boundary between
the solid phase and others shows different trends: with the constant initial total volume,
the particles left from the lowest potential when the angular velocity reached a constant
value (see Section 4.2 for details). Figure 15c shows Rice’s phase diagram using computed
realistic parameters, which is very different from the polypropylne spheres used for the
experiment. The properties of steel were used. However, the r/R range is about the same
as for the experiment, and the phases are distributed on the phase diagrams similarly to the
experimental ones: the spout phases are more likely observed in the smaller r/R region, as
r/R increases, one can observe the flat and fluid phases, and the pinned phase is distributed
at larger angular velocity. Comparing the structures of those phase diagrams, we can see
similar trends.
21

(a) Constant initial total volume with
packed initial arrangement

(b) Constant total mass with packed initial arrangement

(c) The computationally created phase
diagram using realistic parameters [5]

Figure 15: Phase diagrams.
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~ can be due to the difference in the
As one can expect, the difference in the vertical axis, Ω,
material of particles. One may notice the large angular velocity on both the experimental
and computational phase diagrams; however, the angular velocity is for unloaded airflow
instead of the angular velocity of granular particles.
During the experiments, the granular material exhibited some behaviors not observed in
the simulation. First, as it is shown in Figure 16, electrostatic interactions between particles
and the wall exist. Considering the mass of each particle, and assuming that their weight is
offset by the electrostatic repulsion, one can conclude that each particle carries an electric
charge, which corresponds to a surface charge density. Though the effects of humidity and
other perturbations were not observed in this project, those factors could make a significant
difference in the particle behavior, depending on the material.

Figure 16: The particles at rest, which were lifted by electrostatic interactions on the wall
of the container.

Secondly, in the pinned phase, a crystallized wall created at the outer radius was observed.
Under the large excitation of airflow in the pinned phase, the particles were pushed to the
container wall. As one can see on the background velocity vector field maps, the excitation
was weak at the regions near the wall. This weak excitation is likely due to the experimental
system used for the observations. There was a plastic ring holding the metal mesh bottom of

23

the container: though the plastic ring had holes to let air flow through to the experimental
region, the flow along the wall was still restricted. Also, electrostatics between particles
helped to form the crystallized wall of particles.
Thirdly, the initial condition in the simulation could be improved. As it will be argued in
a later section of this chapter, the solid phase boundary showed different trends for different
initial arrangements of the particles. We assumed the simulated particles with the random
initial arrangement as loosely packed particles in the container, and then we compared how
the particles behave at near the solid phase boundary with a set of initially packed particles.
This is presented in section 4.2.

4.1

Fluid Dynamics Approach for The Fluid Boundary Analysis

The fluid phase boundaries were analyzed using a fluid dynamics approach. Assuming an
incompressible non-viscous fluid with density ρ in a rotational (solid-body) vortex in a gravitational field −gẑ ,
v(xr ) = Ωxr ,

(9)

where v(xr ) is the tangential velocity of the fluid, Ω is the angular velocity of the fluid, and
no shear flow inside the container is assumed. Using Euler’s equation, we can write
1~
D~v
= − ∇p
− gẑ.
Dt
ρ

(10)

Since the Eulerian derivative can be written as
D~v
=
Dt

∂~v
∂t

~v
+ ~v · ∇~

~v
= ~v · ∇~
2

= − v(xxrr ) xˆr .
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(11)

In the above equation, assuming incompressibility of the fluid, the partial time derivative of
the velocity is zero. Solving Eq. 10 and Eq. 11 for the pressure at the surface of the fluid,
p(xr ,xz ) , and plugging Eq. 9 into it, the height of the fluid surface can be expressed as
1 2 2
Ω xr .
2g

xz = xz0 +

(12)

The above Eq. 12 shows that the surface of the bulk, which the shape is parabola. In order to
determine a function for the fluid phase boundary analysis with experimentally measurable
quantities, integrating Eq. 12 over the tangential surface area, one can find
r
Ω=

4gV
,
πR4

(13)

where V is the total volume of the fluid in general. For the fits on the phase diagrams with
realistic parameters, the volume was expressed as πR2 h in terms of the container radius, R,
and the initial height of the particle sets, h.

Figure 17: Simulated phase diagrams and the fit using the fluid dynamics approach.
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Figure 17 shows phase diagrams using the linear drag term and the quadratic drag term,
and it shows the fit line applying Eq. 13. For the phase diagrams, because the number of
particles is a constant parameter, the volume of fluid, V in Eq. 13 varies. Figure 18 shows the
fluid boundary fit on the fluid boundary of the phase diagram using the realistic parameters.
The two lines at the top of Figure 18 show the fluid phase boundaries for the sets with
the constant total mass of 170 g and the constant initial total volume of 3.15 × 10−4 m3 ,
and another one seen at the lower angular velocity shows the fit using the fluid dynamics
approach.
The angular velocities near the pinned-fluid phases boundary of some particles were
determined by measuring the time, which the colored particles took for ten cycles of spin in
the container. For these measurements, the particles with a radius 3.18 mm or larger were
used. As the results show, the angular velocity of the granular material was far less than the
unloaded angular velocity. For example, the particles with largest radius of 5.56 mm pinned
with 8.05 rad/sec at the fluid phase boundary. Since the largest particles near the fluid phase
boundary give us the data points at the highest angular velocity on the phase diagrams, this
change in the angular velocity reduces the scale of the phase diagram by a large factor. The
fluid phase boundaries using the results of the measurements are shown in Figure 18. For
example, using the angular velocity of the largest particle at the fluid phase boundary, the
centripetal acceleration is computed to be 2.85 m/s2 . Considering gravitational acceleration,
9.80 m/s2 , the centripetal acceleration could be significant: the angular momentum of the
granular particles is significant, and it causes a thin layer of particles at the center of the
container and makes a parabola shape surface.
The porosity of particles causes the difference of the boundary shape between the fit using
fluid dynamics approach and experimental results. An experiment introduced in Section 4.2
focuses on how porosity of granular particles affects phase transition. Based on the result
of the phase transition experiment shown in Section 4.2, as the set of particle is denser, the
effect of porosity on phase transition is larger, and the boundary line is lower than one of
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sets with packed initial arrangement. Once particle behavior transits from the solid phase
to another, particles are at random positions. So, the porosity of smaller particles lowers the
angular velocity from the angular velocity of the fit using fluid dynamics approach.

Figure 18: The fluid boundary fit on the fluid boundaries of the phase diagrams using the
realistic parameters

4.2

Phase Transition

The initial arrangement of granular material can affect the phase transitions. In this section, focus is placed on the behaviors near the boundaries between the solid phase and other
phases, because it was the sharpest transition and the most dependent on the initial arrangements : from the particles at rest to ones in motion (see Figure 19). The solid phase
boundary showed the different trends for different initial arrangements of the particles in the
phase diagrams. Assuming the simulated particles with the random initial arrangement as
a set of loosely packed particles in the container, we performed an experiment to determine
how the different initial arrangements, the loosely packed particles and packed particles in
the container, affect the transition.
For this experiment, the same experimental system as the one used for the phase diagram
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Figure 19: The boundary between the solid phase and other phases in a phase diagram.

experiment was used. Packing a set of particles to be crystallized in the container, the power
level supplying into the airflow source was adjusted to gradually increase the flow field
strength, and we found a strength, at which the particles behaved unlike the one in the solid
phase. The conversion from the power level to the flow field strength was done by using
the results from Section 3.2. The angular velocity, at which this first solid phase boundary
was found, is labeled P1 . After P1 , the angular velocity was gradually increased untill the
granular particles reached to the pinned phase, and then the angular velocity was decreased
gradually and carefully to find the boundary at which the behavior of the particle went back
to the solid phase.
The angular velocity at the boundary is labeled P100 . The above process was repeated
after the angular velocity was decreased to zero. The angular velocity at the boundary for
the second round is labeled P2 (i.e., Pi for the ith round). Similarly, the angular velocity
at a boundary at which the particle behavior comes back to the solid phase, is labeled Pi00
for the ith round. In order to perform this observation, the following sets of particles were
prepared for this experiment: a set with a constant total mass of 180 g, a set with a constant
total mass of 170 g, and a set with a constant initial total volume of 3.15 × 10−4 m3 . Those
three sets were prepared to determine whether given parameters had an effect on the phase
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transition, and if so, how. The sets differentiated by the total mass were to determine how
the gravitational potential energy change affects the phase transition, and the set with a
constant initial total volume was prepared to investigate the effect of the bulk’s porosity.

Figure 20: The phase change between the solid phase and another phase.

Performing the experiments, a hysteresis characteristic was observed in the all sets. Figure 20 shows the trend observed in all sets of particles. All Pi>2 were less than P1 . Particles
in the non-solid like phase came to be in the solid phase at about the same angular velocity.
Now, we compare the behaviors of the packed and the loosely packed particle sets focusing
on the P1 and P2 of each set. Figure 21 shows the P1 and P2 of the constant total mass
sets. Also, Figure 22 shows the P1 and P2 of the constant initial total volume set. The error
bars in those plots are based on power levels meausred right before and after each power
level of the P1 and P2 . As r/R increases, the size of the particles increases. As the angular
velocity increases, the background angular velocity increases, and the force exerted on the
particles increases. Dark circles indicate the P1 , results with packed initial arrangement,
and light circles indicate the P2 , results after particle bahavior came back to the solid phase
(see Figure 21 and 22). Since particle arrangement right before P2 is ramdomly and loosely
packed, we define the P2 as results with “loosely packed initial arrangement”. As one can
expect, considering Figure 21, the heavier sets required more force to leave from the lowest
potential. Also, for all sets of particles, it is clear that the particles with the packed initial
arrangement need more force than the ones with loosely packed initial arrangement. As the
size of the particles decreases, and as the total mass of the set becomes heavier, particles
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with the packed and the loosely packed initial arrangement shows more difference in the
phase transition. When the particles were packed in the container initially, they blocked
more paths of airflow than the ones with loosely packed sets. Then, the pressure under the
surface of the bulk was stored until the pressure reached a point where the airflow blew the
particles up. Figure 23 shows the measured porosity for each size of particles in the sets,
which has the constant initial total volume of 3.15 × 10−4 m3 , when the particles were packed
in the container. Comparing the trend in Figure 22 to the one in Figure 23, we can see how
the porosity of the bulk affects the phase transition. As the porosity decreases, the initial
arrangement of the particles has a larger effect on the phase transitions. Because there were
no large differences in the void region inside the bulks of packed and loosely packed particles,
the effect on the phase transition by the initial arrangements was small.
The phase transition between the solid phase and others in the phase diagram was affected
by the initial arrangement of the granular particles. Sets of particles with loosely packed
initial arrangement made the solid phase boundary lower than the boundary of packed initial
arrangement sets. In denser sets of smaller size particles, the initial arrangement changes the
regions of airflow path significantly. In less dense sets of larger size particles, there was less
difference in the regions of the airflow paths. Based on the observed hysteresis trend, though
different phase transitions were observed between sets with packed and loosely packed initial
arrangement, there was not much difference in the trend of the phase boundary once the
long-range crystal order was broken. Also, the comparison between boundaries of different
total mass sets showed the trend, for which heavier granular material raised the boundary
up. As one can expect, the heavier objects need more force to raise them up.
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Figure 21: The precursor boundaries for the sets with constant total mass .

Figure 22: The precursor boundaries for the sets with constant initial total volume.
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Figure 23: The measured porosity for each size of particle in the sets, which have the same
initial total volume when the particles are packed in the container.
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5

CONCLUSION

Granular material is an interesting medium, in which a set of particles can behave like
a solid, a liquid, a gas, and in-between depending on conditions. In this project, using an
experimental approach, we intended to determine the significant parameters for the simulation of the macroscopic granular material behaviors under tornado-like vortex airflow, with
varying airflow velocity. The experimental system was composed of a 9.20-cm inner diameter
acrylic pipe with a metal mesh bottom holding the particles, a PVC duct, and an airflow
source controlled by a variable auto-transformer, and a power-meter. A fixed fan blade was
attached to the duct’s inner wall to create a tornado-like vortex airflow from straight flow.
Increasing the airflow velocity gradually, the behavior of a set of same diameter granular
materials was observed. This process was repeated for eight different particle diameters.
The observed behaviors were classified into six phases based on the macroscopic mechanical
dynamics.
The observations done in these experiments allowed us to gain insights on realistic parameters for simulation. Comparing computationally and experimentally observed phase
diagrams, we can see the similar structure of the phases distribution. Smaller particles are
likely to have the spout phases, larger particles are likely to have the fluid phase, and particles tend to be in the pinned phase at the high flow field strength, and large angular velocity.
Considering the solid phase boundaries on the phase diagrams and the results from the phase
transition experiment, the initial particles arrangement does affect the phase transition. As
the porosity of the bulk decreases, and the particle size becomes smaller, the phase transition
is more strongly affected. The experimental observation shows interesting physics, which was
not shown in the simulation. For example, electric effects and the crystallized wall in the
pinned phase are mentioned.
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